As a part of the MAST2 GS-M Coastal Morphodynamics project, the predictions of four sediment transport models have been compared with detailed laboratory data sets obtained in the bottom boundary layer beneath regular waves, asymmetrical waves, and regular waves superimposed co-linearly on a current. Each data set was obtained in plane bed, sheet flow, conditions and each of the four untuned numerical models has provided a one-dimensional vertical (lDVj, time-varying, representation of the various experimental situations. Comparisons have been made between the model predictions and measurements of both time-dependent sediment concentration, and also wave-averaged horizontal velocity and concentration. For the asymmetrical waves and for the combined wave-current flows, comparisons have been made with vertical profiles of the cycle-averaged sediment flux, and also with the vertically-integrated net sediment transport rate. Each of the turbulence diffusion models gives an accurate estimate of the net transport rate (invariably well within a factor of 2 of the measured value). In contrast, none of the models provides a good detailed description of the time-dependent suspended sediment concentration, due mainly to the inability of conventional turbulence diffusion schemes to represent the entrainment of sediment into suspension by convective events at flow reversal. However, in the cases considered here, this has not seriously affected the model predictions of the net sediment flux, due ' Corresponding author. Davies et al./Coustal Engineering 31 (1997) to the dominance of the near-bed transport. The comparisons in this paper are aimed not only at testing the predictive capability of existing sediment transport modelling schemes, but also at highlighting some of their deficiencies.
Introduction
The accurate prediction of net sediment transport rates in coastal areas presents a major challenge to engineers and oceanographers concerned with such problems as onshore-offshore sediment transport and long-term morphological change. It is not surprising, therefore, that numerous models of sediment transport by waves and currents have been proposed, ranging from simple quasi-steady models based on Bagnold's energetic principles to complex numerical models involving higher-order turbulence closure schemes. Only recently have sufficiently detailed near-bed velocity and sediment concentration data become available to test not only the overall predictions of net sediment transport made by different modelling schemes but also, very importantly, the accuracy with which these schemes represent detailed boundary layer processes in reversing oscillatory flows.
Following the instructive intercomparison of hydrodynamical models of wave-current interaction in the bottom boundary layer carried out in the MAST1 G6-M Coastal Morphodynamics project (see Soulsby et al., 19931 , it was decided to carry out a comparison of models of sediment transport in wave and current flow in the subsequent MAST2 G8-M project. This paper presents the results of the intercomparison, and assesses not only the predictive capabilities of existing modelling schemes, but also their potentially serious limitations.
The data used in the present comparisons were obtained during the MAST G6-M and G8-M projects by Ribberink and Al-Salem (1992 , 1994 , 1995 for regular symmetrical and asymmetrical waves, and by Katopodi et al. (1994a,b) for combined wave and current flows. The experiments were carried out in the Large Oscillating Water Tunnel (LOWT) at Delft Hydraulics, The Netherlands. All of the data were obtained in wave-dominated conditions above plane sand beds, corresponding to very vigorous conditions in nature.
Within the G8-M group, four existing numerical models were made available for the present study. Each of these models was of the conventional turbulence diffusion type and was run, for the sheet flow conditions of present interest, in a one-dimensional vertical (lDV> manner. The detailed temporal and vertical resolution in the LOWT data allowed a range of comparisons to be made between the observations and the model predictions, from time-dependent sediment concentrations during the wave cycle, to the measured net (i.e. temporally and vertically averaged) sediment transport rates.
It is well known that hydrodynamical processes in the wave and current bottom boundary layer are highly nonlinear (see, e.g., Soulsby et al., 1993) . However, nonlinearity is even more pronounced in relation to sediment transport processes, due to the additional constraints of the threshold condition for sediment motion and of the nonlinear relationship between the bed shear stress and the sediment pick-up rate. It is therefore surprising that simple, quasi-steady, representations of sediment transport in unsteady flow (e.g., Bailard, 1981) have achieved such wide acceptance. This, however, is due primarily to the simplicity offered by these methods in terms of practical application, rather than to their validity in representing physical processes correctly. For example, the neglect in such models of a description of the height-and time-varying nature of the velocity and sediment concentration fields means that they cannot represent either detailed suspension effects in unsteady flow, or the vertical structure of the net sediment flux. This objection extends also to time-averaged ("current-related") approaches for the prediction of the suspended sediment transport rate adopted by, for example, Glenn and Grant (1987) and van Rijn (1991) , which neglect the potentially important "wave-related" contribution to the net transport. This is not to say that more complicated turbulence modelling schemes, involving time-variation in velocity and concentration, necessarily represent oscillatory boundary layer processes correctly. It will be shown later that our present incomplete understanding of momentum transfer, and of the associated sediment pick-up, in reversing oscillatory flows imposes potentially severe limitations on all existing predictive methods.
The "wave-related" contribution to the suspended sediment flux, which is potentially important for grains confined to the oscillatory boundary layer, arises from unsteadiness both in the sediment entrainment rate from the bed and in the vertical diffusivity of sediment (see, e.g., Fredsoe, 1993; Davies, 1995) . At a particular height (2) in the wave boundary layer, the phase relationship between the sediment concentration c( z,t> and horizontal velocity U( z,t) (t = time) significantly influences the waverelated contribution in a way which may either enhance or inhibit the net flux and which may, in some circumstances, dominate the suspended sediment transport. This has been demonstrated in experiments carried out in sheet flow conditions by Al-Salem (1992, 1995) for asymmetrical waves, who found that unsteadiness in u and c produced an "onshore" net transport of sediment close to the bed, and an "offshore" transport above this in the outer suspension layer. The importance of the "wave-related" contribution has been demonstrated in the laboratory for combined wave-current flows by Murray et al. (1991) for regular waves above both rippled and plane beds, by Villaret and Perrier (1992) for rippled beds, and by van Rijn et al. (1993) for irregular waves above rippled beds. In each of these studies, the wave-related transport was directed against the current direction. Field observations showing the variability of wave-related transport with height above the bed have been reported by Vincent and Green (1990) .
The first attempt to predict time and height variations in suspended sediment concentration during a wave-cycle, thereby allowing the wave-related transport to be estimated, was made by Bakker (1974) . He used a mixing length approach to derive a time-varying eddy viscosity (E), which was set equal to the sediment diffusivity (es). This approach was extended, and applied in plane bed, sheet flow, conditions by Ribberink and Al-Salem (1995) , whose model is one of the four tested here. This is referred to hereafter as the "mixing length model". Fredsae et al. (1985) used an eddy viscosity approach to model the vertical distribution of suspended sediment beneath large, sinusoidal waves above plane beds. Here the instantaneous bed shear stress and velocity profiles were found by application of the momentum integral method for the wave boundary layer, as described by Fredspre (1984) . In this work the assumption was again made that E = es, and the effects of both sediment gradation and also the superimposition of a current were considered. The Danish Hydraulic Institute's "STP model", which has evolved from this earlier work, is also one of the four models tested here.
A number of numerical turbulence-closure models have been used to study sediment transport above plane beds in oscillatory flow. In the present comparisons, two typical models of differing complexity are represented, namely the One-equation, turbulent kinetic energy, closure mode1 of Davies (1995) (see also Li and Davies, 1996) and the k-L closure mode1 of Huynh Thanh et al. (1994) . These are referred to below as the "t.k.e. model" and the "k-L model", respectively. Both models have been applied previously to problems involving unsteady boundary layer flows.
Each of the four models referred to above represents momentum transfer in the bottom boundary layer on the basis of conventional turbulence diffusion arguments which might be expected to provide an appropriate basis for modelling the boundary layer structure, and the associated distribution of suspended sediment, above plane beds. In fact, three of the four models considered here are valid only for energetic flows in which the bed remains flat, such that a "sheet-flow" layer of high concentration exists at the fluid-sediment interface. In contrast, the STP model may be used also for less energetic flows above rippled beds (though, in all of the present applications, it predicted that the bed should be plane).
The main features of the present models are summarized in Section 2. This is followed in Section 3 by a series of comparisons between the models and data for regular symmetrical and asymmetrical waves, and also co-linear combined wave and current flows. Finally, in Section 4, the limitations of the existing modelling schemes are discussed and, in Section 5, the conclusions of the study are presented.
Sediment transport models
The four models represented in this comparison are listed in Table 1 , where a recent reference is cited for further details of each formulation. The models are listed in order of increasing complexity, the main difference between the models lying in the more or less complicated turbulence-closure scheme adopted. Each of the model formulations may be characterized as follows. The linearized momentum equation for the horizontal velocity component (u) in the x-direction may be written:
where p is the pressure; p is the fluid density; E( z,t> is the eddy viscosity; t is the time; and z is the upward vertical direction. The assumption of horizontally-uniform (1DV) flow conditions made in Eq. (1) is justified by the use in the later comparisons only of experimental data obtained in laboratory tunnels, in which wave boundary layer 
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A.G. Dauies et ul./Cou.stal Engineering 31 (1997) phenomena associated with vertical velocity effects, such as streaming, were absent. In addition, the flow is assumed to be rough turbulent in each formulation, with the boundary condition for velocity at the bed taken as:
where the bed roughness length-scale ( z,) is related to the equivalent roughness (k,) by z. = kJ30 and, as usual, k, = 2.50 where D is the median grain diameter. Thus k, remains constant throughout the wave cycle, neither high concentration effects in the sheet flow layer, nor vertical oscillations of the bed, being represented directly in any of the formulations. In the present comparisons for waves alone, the measured free-stream velocity u,(t) at a selected height above the bed has been used to determine the pressure gradient ap/ax (= -p . au,/&) and thus provide the upper boundary condition for u(z,T). All the models make the usual assumption that the boundary layer is thin, and that the pressure variation across it is zero. For combined wave-current flows, a zero stress condition has been imposed at a large height above the bed in most of the models, and the measured velocity at a selected level (above the oscillatory boundary layer) has been used to determine both the mean and time-varying components of the pressure gradient driving the flow. (The references cited in Table 1 for the respective models give details of the running procedures adopted to obtain the final converged solutions for wave-current flow discussed later.) The (mean) motion of sand grains in suspension is assumed to be identical to that of the fluid apart from their settling velocity (w,), and the vertical distribution of suspended sediment is modelled on the basis of the sediment continuity equation:
where c(z,t) is the sediment concentration; and E, is the sediment diffusivity. At the bed, a "reference concentration" has been used:
where a = 2 D. At the upper boundary (in the free stream) the vertical sediment flux is assumed to be zero. Each modelling scheme comprises a suspended load region above the reference height (z = a), and a bedload region below this. In two of the models (mixing length and k-L), only the suspended load is calculated. In the two remaining models, the sediment transport rate includes a bedload contribution based on a standard transport rate formula. In the STP model, a time-varying bedload estimate is obtained using Engelund and Fredsoe's (1976) formula, which is then time-averaged to yield the net bedload transport. A similar procedure is used in the t.k.e. model, though here the Meyer-Peter and Muller (1948) formula has been used. (It should be noted that this formula was derived for relatively low flow stages, and that when it is applied in the present, vigorous, oscillatory sheet flow conditions, it predicts slightly smaller transport rates than does the Engelund and Fredsoe formula; see Li and Davies, 1996 .) The justification for using transport rate formulae derived from bedload conditions in steady flow lies in the fact that bedload transport is established virtually instantaneously in response to a time-varying near-bed flow. This has been explained by Madsen (1991) , at least for low transport rates, and it has also been demonstrated experimentally by Ribberink and Al-Salem (1995) , whose time-dependent concentration data display an instantaneous response in the lowest parts of the sheet flow layer. The inclusion of a bedload estimate in some of the present models, but not in others, is rather arbitrary and is not supported by consistent physical arguments.
Each of the models utilises a time-varying reference concentration as the bottom boundary condition for the suspended sediment (as indicated by the codes in Table 1 ). EF76 refers to the semi-empirical formula of Engelund and Fredsoe (1976) for the sediment concentration c = c, at the reference height z = a = 2 D, and EF76 * to the modification to this formula proposed by Fredspre et al. (1985) . ZF94 refers to the empirical reference concentration formula of Zyserman and Fredsoe (1994) . Although based on steady flow experiments, each of these formulae has been applied here in an instantaneous, quasi-steady, manner, in response to the time-varying bed shear stress predicted by the associated hydrodynamical model. Again, this approach may be justified in terms of the virtually instantaneous response of the near-bed transport to the time-varying flow (Madsen, 1991; Ribberink and Al-Salem, 1995) . However, as pointed out by Nielsen (1991) , a difficulty arises in applying the reference-concentration approach in time-dependent suspension problems, since there is no instantaneous equilibrium between the bed shear stress and the suspended concentration due to sediment settling from above. Both Nielsen (1991) and Soulsby (1991) argued that this difficulty could best be overcome by use of a time-varying "pick-up function", defined in terms of the near-bed concentration gradient ac/az, rather than the time-varying reference concentration.
However, in connection with the data discussed later, it has been shown by Davies and Li (1997) that, if the reference concentration EF76* is replaced by a pick-up function based upon EF76 * , the quasi-steady use of this pick-up function leads to very small changes in the model results. In other words, the use of the pick-up function approach in conventional turbulence diffusion modelling schemes appears to yield little practical advantage, at least in the present applications. In contrast, the possible advantages of the use of pick-up functions within a Lagrangian modelling framework have been pointed out by Black (1994) . It may be noted, finally, that allowance has been made for sediment settling in three of the present models (see Table  1 ) by the choice of a reference concentration which is the maximum of the two concentrations predicted instantaneously by: (1) use of the EF76, EF76 * or ZF94 formula, as appropriate; and (2) the assumption of pure settling under gravity (i.e. grains settling with velocity w,) between the previous model time-step and the present one. This device, which was first used by Hagatun and Eidsvik (1986) , makes some allowance for the dominance of sediment settling at certain phase instants in the wave cycle. However, in practice, it has little effect on the results since, in the situations discussed later, the value given by the reference concentration formula is the maximum value at almost every time-step during the wave cycle. Turbulent kinetic energy damping by vertical gradients in suspended sediment concentration is included in two of the models, even though this raises a question of inconsistency in relation to their use of the EF76 or EF76" formulae, which were derived assuming no damping. The form of the t.k.e. model used in the present comparisons is that presented recently by Li and Davies (1996) , which includes damping of the turbulent kinetic energy, but no (significant) change in the turbulence length-scale. The damping process is represented in a more complete way in the k-L model, which incorporates an additional buoyancy effect, but it is not included in the mixing length and STP models. In practice, turbulence damping has a very small effect on the t.k.e. model results (as demonstrated by Li and Davies, 1996) ; in contrast, its effect on the k-L model results is much greater. The factor p (= E,/E) relating the sediment diffusivity (6,) to the eddy viscosity (E) is assumed to be equal to unity in the three simpler models, but in the k-L model is assumed to decrease (from the value 4/3) as the sediment-induced vertical density gradient increases. [For a recent discussion relating to the p-factor, see Davies (1995) .] Finally, only the STP model allows for the effect of graded sediments, by application of the method described by Zyserman and Fredsoe (1996) . This involves calculating the sediment settling velocity, and solving Eq. (3), for every size fraction of sediment in suspension.
For the purposes of the comparisons which follow, an uncalibrated version of each model has been used. In other words, the published version of each model, corresponding to the reference cited in Table 1 , has been used here, and no tuning of the model constants for the particular data sets has been carried out.
Model comparisons with data
In the comparisons discussed below the aim has been to compare the predictions of the various 1DV models discussed in Section 2, with emphasis both on the net sediment fluxes above the plane beds in question, and also on the more detailed behaviour of the models, e.g. time-variation in sediment concentration c( z,t> at different heights (7.) above the bed. The data sets used for this purpose are those obtained by Ribberink and Al-Salem (1992 , 1994 , 1995 and Katopodi et al. (1994a,b) in the Large Oscillating Water Tunnel (LOWT) (1.5 m X 1.1 m X 0.3 m) at Delft Hydraulics. Since the experiments were carried out in a tunnel, the hydrodynamical conditions were horizontally uniform and, therefore, effects associated with vertical wave velocities, such as streaming, were absent. All of the model simulations were carried out assuming horizontally uniform flow conditions. Detailed comparisons are presented below between two "Series C" experiments in the LOWT: (a) "Condition 3", sinusoidal waves above a plane bed; and (b) "Condition 1 ", regular asymmetrical waves above a plane bed. In addition, Ribberink and Al-Salem's (1994) earlier "Series B" experiments, carried out with regular asymmetrical waves, have been used to assess the performance of the various models in predicting net sediment transport rates. Finally, four "Series E" experiments involving co-linear combined wave-current flows have been considered. Al-Salem's (1992, 1995) 
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"Condition 3": sinusoidal waves
This data set was obtained in the LOWT, with large sinusoidal waves above a plane bed: wave period T = 7.2 s, velocity amplitude U, = I .70 m s-' and median grain A.G. Dries et al./ Coustul Engineering 31 (1997) 163-198 171 diameter D = D,, = 0.21 mm (with D,,= 0.15 mm and D,, = 0.32 mm). Velocity maxima in the free-stream correspond to t = T/4 and 3T/4. Suspended sediment concentrations were measured principally with an optical concentration meter (OPCON) located at the centre-line of the tunnel, and horizontal velocity was measured with a laser Doppler system (LDFM). Concentrations in the sheet flow layer were measured using a conductivity concentration meter (CCM) (for details, see Ribberink and Al-Salem, 1992) . It should be noted that three of the four models were run with the fixed settling velocity ws = 2.6 cm s-' corresponding to the median grain diameter D = 0.21 mm.
However, the STP model was run with a different settling velocity for each size fraction in suspension; on the basis of the procedure of Rubey (1933) , the STP model gave W, = 2.5 cm s-' for the size fraction corresponding to D = 0.21 mm.
In Fig. 1 the predictions of the four models are compared with time-varying sediment concentrations c(z,t) measured at four representative heights above the original bed level z = 0 (i.e. the undisturbed bed level prior to the start of the experiment, which has been identified with the origin of z in all of the comparisons here). At the two lower levels (z = 0.5 and 1.1 cm>, the models all make a fairly similar prediction for the phase of c(z,r) and this is in broad agreement with the data. At the third level (z = 3.1 cm), the measured time-series of c(z,t> develops a more complicated structure, and agreement in phase between the models and the data is lost. At the highest level shown (z = 5.5 cm), the model predictions differ from one another, and no model represents the data adequately. However, despite their failure to predict the phase angle of c( z,t) in the outer suspension layer, at least three of the models provide a reasonably accurate vertical profile of cycle-mean concentration (c), as shown in Fig. 2 . As may be seen also in Fig. 1 , the mixing length model tends to overpredict (c) at all levels. This is due to the relatively large sediment diffusion coefficient in this model, especially at the higher elevations.
It may be noted here that results from a fifth model, namely the Reynolds stress model of Brors and Eidsvik (19941, were compared with the "Condition 3" data as a part of the present study (see Davies et al., 1994) . But even this more sophisticated model, based upon a simplified two-phase flow approach, failed to improve upon the predictions of the four simpler models.
The reason for the failure of the models to predict the phase angle of the time-dependent concentration c( z,t> is the appearance, at around the time of flow reversal in the free-stream (t = 0 and 3.6 s>, of an additional peak in sediment concentration.
Near the bed (z = 0.5 cm> at time t = 3.6 s, this peak is relatively small, and the time-series of concentration in each wave half-cycle is dominated by the main &&sion peak associated with the maximum velocity, and hence maximum bed shear stress, during the wave cycle. But with increasing height, the additional peak grows in relative importance (z = 1.1 cm), becoming roughly equal in size to the diffusion peak for 2.1 cm ,< z ,< 2.6 cm (not shown), becoming larger than it at z = 3.1 cm, and dominating the concentration time-series at z = 5.5 cm. The nature and importance of this additional concentration peak, which we refer to here as the convection peak, is discussed in Section 4.
The progressive mismatch in the phase angle of peak concentration, with increasing height above the bed, between the data and all of the models (Fig. 11 , is due to the fact that, while conventional turbulence diffusion models represent the dz@uion peak, albeit 172 A.G. Dauies et ul. / Coustul Engineering 31 (1997) A.G. Davies et al. /Coastal Engineering 31 (1997) 102 t.k.e. Al-Salem (1992, 1995) : "Condition 3", large sinusoidal waves.
somewhat inaccurately in the present case, they do not include a sufficiently refined description of the boundary layer physics to represent the convection peak. This is illustrated in Fig. 3 where the approximate agreement in phase angle between the models and the data (diffusion peak) near the bed is replaced by a substantial disagreement between the models and the data (convection peak) at the higher levels. In anticipation of the later results, it may be noted that this disagreement does not greatly affect calculations of the net sediment transport, since most of the transport in the present experiments, and also in the model predictions, occurs very close to the bed where the phase angle is predicted with sufficient accuracy. Ribberink and Al-Salem's (1995) 
Comparison with
"Condition 1": regular asymmetrical waues
This experiment was carried out in the LOWT, with asymmetrical waves above a plane bed. For a free-stream flow defined (at z = 20 cm) by: Comparison between predicted and measured phase-lag of peak suspended concentration after peak free-stream velocity, for Al-Salem's (1992, 1995) "Condition 3": large sinusoidal waves. The results for the models correspond to the basic diffusion peak at all heights, whereas the the measured phase lags include both the "diffusion" peak which is dominant near the bed, and the "convection" peak which is dominant in the outer suspension layer, as indicated by the respective fidl lines. Ribberink and Al-Salem (1995) .
A comparison between the "Condition 1" data and predictions of the present models for the time-dependent concentrations, reported previously by Davies et al. (1994) , showed many of the features described above for "Condition 3". In the case of "Condition 1") however, the time-dependent concentrations showed pronounced asymmetry, with maximum concentrations occurring after the passage of the (implied) wave crest. Convective effects at flow reversal were again important, and the phase of peak concentration was therefore poorly predicted in the outer suspension layer.
Here, for brevity, we present only the predicted vertical profiles of cycle-mean concentration (c) in comparison with the data obtained using the OPCON probe and also by suction (Fig. 4) . As in the case of the sinusoidal waves ("Condition 3", Fig. 21 , the agreement is generally convincing.
However, some significant variations may be A.G. Davies et al./Coastal Engineering 31 (1997) 163-198 175 t noted between the predictions of the different models. For example, the mixing length model again tends to overpredict (c). In contrast, the STP model predicts (c) (measured with the OPCON) rather accurately for z < 1 cm, though it tends to underpredict (c) for z > 1 cm. Clearly, there is a large amount of scatter in the data, and a large systematic difference between the data points measured with the OPCON and by suction. In fact, the scatter in the data points has the same magnitude as the variations between the model predictions.
Beneath asymmetrical waves there is a net transport of sediment both in the near-bed, sheet flow, layer and in the outer suspension layer. As noted in Section 1, the magnitude and direction of the net transport is often strongly influenced by the so-called "wave-related" contribution and, in the absence of a significant current, is necessarily dominated by this effect. It should be added, however, that the detailed representation of any small residual currents (e.g., the near-bed current associated with the component U, in Eq. (5)) in model formulations can affect net transport calculations significantly, as shown recently by Davies and Li (1997) .
If the velocity component (u), with which the sediment grains are assumed to be transported horizontally, and concentration (c) are written, respectively: u=(u)+u,+u' and c=(c) +cr+c'
where angle-brackets denote averagin, 0 over a large (integral) number of wave periods, subscript p denotes the periodic component and a dash denotes the turbulent component, the cycle-averaged flux at level ( z) is given approximately by:
where the small turbulent contribution < u'c') has been neglected. The net suspended flux, averaged over the depth from the reference level z = a to height z = H is then given by:
in which the term (U)(C) gives rise to the "current related" contribution to the net transport, and the term (arcs> to the " wave-related' ' contribution. As noted above, this latter term is likely to make the dominant contribution to the transport rate if (u) is very small. In Fig. 5 the predicted vertical profiles of (UC) are compared with the data for the Series C "Condition 1" experiment. Both the models and the data show "onshore" (positive) transport in the near-bed layer, and "offshore" (negative) transport in the outer suspension layer. [As indicated, the "measured" values of (UC) near the bed were based on measured values of c combined with estimated values of u, which could not be measured reliably by the LDFM in the presence of the high sediment concentrations near the bed.] In fact, the net onshore transport was the dominant effect in the present experiment, the offshore transport representing only about 5% of the total flux. Although there is qualitative agreement between the predicted profiles of (UC) and the data, the height of zero flux is overestimated by the various models by a factor of at least 4 times. This is again indicative of the limitations of pure turbulence diffusion models in unsteady flows, and can probably be attributed to the neglect of convective effects at flow reversal in the model formulations. In the present case of "Condition l", and also for the asymmetrical waves discussed below in Section 3.3, the net sediment transport was dominated by the flux in the near-bed layer. Any inaccuracy in the prediction of (UC) in the outer layer in these cases is therefore relatively unimportant in the determination of ( qSuSP >.
Comparison with Ribberink and Al-Salem's (1994) Series B experiments: regular asymmetrical waves
The Series B experiments were carried out in the LOWT with a range of regular asymmetrical waves. Each experiment was again carried out in plane bed, sheet flow, conditions, and with the same sediment (D = 0.21 mm). The net transport rate was estimated from sediment traps and bed profiles. No time-dependent measurements were made in these earlier Series B experiments.
The total predicted and observed transport rates are plotted for the respective models in Fig. 6 for nine Series B experiments; for full details of the parameter settings, see Ribberink and Al-Salem (1994) . Also included in Fig. 6 is the Series C "Condition 1" experiment discussed in Section 3.2, which is identified by a different plotting symbol. Perfect agreement between the model estimates and the experimental observations corresponds to the 45" line. It may be seen that each model predicts the sediment flux to within a factor of about 2 around this line, almost without exception. If an even more stringent test of model accuracy is applied, namely a factor of 13 around the perfect agreement line, the t.k.e, mixing length, k-L and STP models predict the net sediment flux within this band in lOO%, 60%, 70% and 90% of the 10 cases considered, respectively. As in the case of the "Condition 1" experiment, the net transport was dominated by the flux in the near-bed layer in each of the Series B cases. It should be recalled (see Section 2) that two of the four models (i.e. the STP and t.k.e. models) include a bedload transport estimate. In these cases the quantity plotted in Fig. 6 is:
where (qbed) corresponds to the net bedload transport in the height range 0 < z < a. In the case of the mixing length and k-L models, the quantity plotted is ( qSuS, to the t.k.e. model results, the magnitude of (qsusP > is roughly twice that of ( qbed) in the present conditions. Also included in Fig. 6 is a set of results obtained using an earlier version of the SIP model, in which the Engelund and Fredsoe (EF76 * > reference concentration formula has been used rather than ZF94 (see Fig. 6e ). Since EF76 (or EF76 * > has been used in the three other models (see Table 11 , a comparison of the results in Fig. 6a -c and e, gives an indication of the differences which arise in (q) as a result of the differing representations of the turbulence diffusion process in the outer suspension layer in the respective models. This comparison is complicated, however, by the inclusion of graded sediment sizes in the earlier STP model. In fact, the predictions of the mixing length, t.k.e. and STP(EF76 * > models are rather similar, each model tending to overpredict (q) somewhat. [The tendency of the k-L model to underpredict (q) in comparison with the other models is due to the fact that no estimate is included for ( qkd).] Evidently, the tendency of the STP model to overpredict (q) is largely removed if the reference concentration formula EF76 * (Fig. 6e) is replaced by ZF94 (Fig. 6d) .
Comparisons with Katopodi et al.'s (1994a,b) Series E experiments: combined wave-current flow
The final experiments considered in this section were carried out more recently in the LOWT, following the addition of a recirculating-flow pumping system to the tunnel which allows a steady current to be added co-linearly to the waves (for details, see Katopodi et al., 1994a,b) . In the Series E experiments, time-dependent measurements of u and c were made at various heights above the bed for four sinusoidal wave and current combinations (El to E4) under plane bed, sheet flow, conditions. These experimental conditions, which are defined in Table 2 , were designed in such a way that, with increasing condition number (El + E4), the free-stream velocity amplitude of the wave (II,) decreased, while the cycle-averaged net current (u) increased. All four conditions may be considered to be wave-dominated cases. As indicated in the table, the matching level for (u) between the models and experiments was chosen as z = 7.5 cm. In experiments El-E4, the median grain size of the suspended sediment showed some Comparisons between the models and the measurements for the cycle-averaged vertical profiles of horizontal velocity ( U) and sediment concentration ( c) are shown in Figs. 7 and 8, respectively . Each of the model predictions for (u) in Fig. 7 has been constrained to converge on the measured value at z = 7.5 cm and so, not surprisingly, the agreement with the data throughout the boundary layer is generally good. The only exceptions are El, and to a lesser extent E2, for which the velocity shear at the measurement levels is underpredicted.
No such constraint applies to the profiles of (c) Each of the models makes a reasonable estimate of (c) in the suspension layer, though there is a tendency for (c) to be overestimated, especially by the mixing length model. However, in the upper part of the sheet flow layer, where large concentration gradients arise, all of the models greatly underestimate (c). It should be noted that some inaccuracy may exist in the CCM data in this layer, for example as a result of possible errors of l-2 mm in the vertical positioning of the instrument. It may also be argued that inaccurate predictions of (c) in the sheet flow layer are to be expected, since all of the models represent the sediment as suspended load above a fixed reference level z = a = 20, with concentration governed solely by turbulence diffusion arguments. Detailed processes occurring in the sheet flow layer, including high concentration effects and vertical oscillations of the bed, are not represented in any of the models, though it may be noted that the reference concentration formulae used (see Table 1 ) necessarily incorporate features of the high-concentration layer, albeit indirectly. Comparisons are made in Fig. 9 between the model predictions and time-series of concentration c( z_,t> measured at 8 levels above the bed in the case of experiment El (largest wave, smallest current). Velocity maxima in the free-stream correspond to t = T/4 and 3T/4. As expected from Fig. 8 , the concentration in the upper sheet flow layers (z = 0.26, 0.56 and 0.65 cm; Fig. 9a> is underestimated by the models. However the phase variations in c are captured quite well at these heights, as is the small amount of asymmetry in c between successive wave half-cycles (i.e. larger concentrations in the second half-cycle when the wave motion was in the current direction). A significant deficiency in all of the model solutions is their inability to predict the large concentra-A.G. Davies et d./Coastul Engineering 31 (1997) Fig. 9 (continued) .
A.G. Dauirs er ul./Cous~al Engineering 31 (1997) A.G. Davies et ul./Crxxs~al Enginrering 31 (1997) (b) 2.5 Fig. 10 (continued) .
A.G. Duuies er al./Coastal
Engineering 31 (1997) experiments El-E4. The respective figures show the predicted profiles of (UC) for the four models for experiments El-E4.
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A.G. Dauirs er d./Coa.stul Enginerring 31 (1997) tion peak at each flow reversal (t = 0 and T/2). The origin of this peak may be seen very clearly in the upper sheet flow layer. It then propagates up as a "convection" peak (cf. Section 3.1) into the suspension layer, where it "widens" (Z = 1.45 cm), and then coalesces with the basic "diffusion" peak at the higher measurement levels (Fig. 9b) . As in the earlier case of "Condition 3", the models capture the diffusion peak reasonably well in the lower part of the suspension layer (2 = 1.45 cm). Here, in general, the models are in quite good agreement with concentration measured by the OPCON. But, as noted above, they fail to predict the convection peak at flow reversal, resulting in rather poor agreement between the models and the measurements in the upper part of the suspension layer (z > 2.35 cm).
Since the present models do not represent processes occurring in the upper sheet flow layer, it is to be expected that their detailed predictions of the suspended sediment flux will differ from the measurements. This is seen in Fig. 10 in which a comparison is made for experiment El between predicted and measured, phase-averaged, vertical profiles of sediment flux (UC) at eight instants during the wave cycle. The measured profiles (Fig. 1Oa) show transport occurring not only in the suspension and sheet flow layers, but also in the "pick-up layer" (i.e. z < 1 mm). The measurements also display pronounced asymmetry, particularly in the sheet flow layer, with large positive fluxes corresponding to the half-cycle (T/2 < t < T) in which the (positive) wave motion is superimposed on the (positive) current. As far as the predictions (Fig. lob) are concerned, each model is constrained by the assumption of no-slip at the zO-level, where the flux must be zero. Above this some asymmetry does occur in the uc-profiles for the reasons given above, and the peak values of UC in 0 < z < 1 cm are of the same magnitude as the peak values measured in the sheet flow layer. But the predicted values of UC in the upper sheet flow layer are too small according to the data. This is not surprising in view of the large values of c measured at these heights (Figs. 8 and 9a) .
The cycle-averaged vertical profiles of suspended sediment flux are shown in Figs. 11 and 12. In Fig. 11 profiles of total sediment flux (UC) are shown for the respective models for experiment El, together with profiles for the "current-related" (( u)( c>> and "wave-related" ((u,c,>> contributions. In Fig. 12 the predicted profiles of (UC) are compared with the data for experiments El to E4, respectively. As in the case of the asymmetrical waves discussed earlier ("Condition I", Section 3.2), the measured profiles for El and E2 display a reversal in the direction of net transport in the suspension layer. In the lower suspension layer the flux is in the current direction while, at heights above about 3 cm, the transport is in the opposite direction due to the dominance of the wave-related contribution. This effect becomes less pronounced in E3 and E4 in which the wave velocity amplitudes, and hence wave-related transport, are less important. In a qualitative sense, the models capture the main features of the net transport profiles, as was found earlier for the asymmetrical waves (see Fig. 5 ). But, once again, the height of the change in direction of (UC) is overestimated (at least for El and E2) by a factor of 2 or more. More generally, the models tend to overpredict (UC), which is not surprising in view of their tendency to overpredict (c) in the suspension layer (see Fig. 8 ).
In view of the many limitations of the model predictions highlighted above, it might be expected that poor agreement would be found between the predicted total (i.e. temporally and vertically integrated) sediment transport rate and the values measured in the four Series E experiments. In fact, this turns out not to be the case, as shown in Fig.  13 and Table 3 . (Here the "measured" values of (q) are slightly corrected estimates of transport, corresponding to conditions along the centre-line of the LOWT. The correction has been made to account for side-wall effects in the tunnel in the presence of a current, and allows a better basis for comparison between the observations and the models.) The model predictions of total transport in Table 3 all lie within a factor of 2 of the measured values. In fact, the results for the STP model all lie within 4% of the measured values, the corresponding figures for the k-L, t.k.e. and mixing length models being 20%, 28% and 86%, respectively. The tendency for (q) to be overpredicted by the mixing length model may again be attributed to its overprediction of (c) (see Fig.   192 A .G. Douirs et aI./ Coustul Engineering 31 (1997) 163-198 The suspended load contribution to each predicted value of (q>, and its breakdown into current-and wave-related components, is also tabulated.
8).
As noted earlier, the STP and t.k.e. models include both suspended load and bedload transport components. For the STP model, the suspended load contributes 80-94% of the total transport in experiments El -E4; for the t.k.e. model the corresponding figures are 68-70%. (For the remaining models, the values of (q) and ( qsusp) in Table 3 are identical, since a bedload component is not included.)
Discussion
The predictions of the four turbulence diffusion models for the net sediment transport rates ((q)) measured beneath asymmetrical waves (Section 3.3) and combined waves and currents (Section 3.4) would be considered extremely good in coastal engineering practice. It should be noted, however, that all of the situations considered earlier involved the one common sand size D = 0.21 mm (fine sand), for which (q) was dominated by near-bed transport in the sheet flow and lower suspension layers, with only a relatively small contribution being made by the outer suspension layer. In other words, the accuracy of the estimates of concentration in the outer layer was of relatively little practical importance. For finer sediment sizes in suspension, the situation may be expected to be rather different. This has been demonstrated by Ribberink and Chen (1993) who carried out experiments in the LOWT with large asymmetrical waves above . a plane sand bed of gram stze D,, = 0.13 mm. The importance of transport in the outer suspension layer has also been demonstrated in wave and current conditions, similar to those discussed earlier, by Murray et al. (1991) using the grain size D = 0.12 mm. In this series of combined flow experiments above plane beds, the net flux (q) was shown to be influenced strongly by a negative wave-related contribution to the suspended sand transport in the approximate height range 1-10 cm.
The success of the four turbulence diffusion models in predicting (q) with considerable accuracy may be contrasted with the failure of any of the models to represent the details of the time-and height-varying sediment concentration satisfactorily. In particular, none of the present models represents the peaks in suspended sediment concentration which were measured at flow reversal. This apparent inconsistency is explained by the fact that (q) was dominated by near-bed processes and that, at the times in the wave cycle when the concentration peaks occurred, the flow velocities were small. It may be noted that, in the laboratory experiments of Murray et al. (1991) and Ribberink and Chen (1993) convective effects at flow reversal were far more pronounced than any seen in the concentration data discussed in Section 3. Moreover, they were found to have an important effect on the net sediment transport, by influencing the concentration for a significant period during the half-cycle after their initial appearance. In the combined flows studied, the effect of the large convective peak observed at flow reversal following the wave + current half-cycle was to enhance the wave-related component of transport in the negative direction (i.e. in the direction opposing the current). In a similar way, the large convective peak occurring after the passage of the crest of an asymmetrical wave will tend to enhance suspended concentrations at the time in the wave cycle when transport is in the offshore direction, and so enhance the offshore wave-related transport.
At the present time, there are no well-established modelling methods to account for convective effects of the type described above. The simulation of Ribberink and Al-Salem's asymmetrical wave "Condition 1" carried out by Black (1994) produced very good agreement with the measured concentrations by use of a strongly, and discontinuously, time-varying eddy viscosity. Unfortunately, no general rules applicable in other situations may be inferred from Black's study. However, the need for modelling approaches to account for convective effects arising from oscillatory boundary layer instabilities in the adverse pressure gradient conditions leading up to flow reversal seems unquestionable.
As noted earlier, each of the present models assumes that the boundary layer remains thin and well behaved throughout the wave cycle, whereas the sediment concentration data suggest a breakdown of the oscillatory boundary layer structure at around the time of flow reversal. In the absence of any measurements of the near-bed velocity field to accompany the detailed concentration time-series in Figs. 1 and 9, the explanation for the convective peaks remains rather unclear.
Since all of the experiments considered in this study were carried out above plane beds and at high wave Reynolds numbers (Re = lJF/ov 3 3 X IO', where u = kinematic viscosity), conventional turbulence modelling schemes might be expected to act as a good starting point to describe the oscillatory boundary layer phenomena observed (except possibly around times of flow reversal). This statement would certainly be true if the present wave conditions were imposed above a flat, "not too rough", immobile bed, since momentum transfer would be dominated by random turbulent processes in these circumstances. Only above "very rough" immobile beds, and at rather lower values of Re, is momentum transfer known to be dominated by well-organised, periodic, convective events associated with eddy shedding from individual roughness elements at flow reversal (e.g., Sleath, 1987) . Yet, at high Re values above a mobile oscillating sheet flow layer, some analogous form of well-organised momentum transfer, leading to convective sediment entrainment, has now been observed in several different experiments. It is possible that the techniques which have been proposed for modelling oscillatory flow above very rough immobile beds (Sleath, 1991; Nielsen, 1992; Davies and Villaret, 1997 ) may prove to be applicable also in these mobile bed situations.
The present turbulence diffusion modelling schemes have two further limitations which should be mentioned briefly. First, the use of a time-varying sediment reference concentration presents great uncertainties, even above flat beds. All of the present models utilize, in a quasi-steady manner, a reference concentration formula derived for steady flow conditions. As noted in Section 2, this is questionable conceptually, and some advantages may be gained by using the alternative "pick-up function" form of unsteady bottom boundary condition for the suspended sediment. In addition, the particular assumptions under which steady flow reference concentrations are derived (e.g., logarithmic mean velocity profile, no damping of turbulence by sediment) make it difficult to incorporate in models, in a consistent way, potentially important processes such as turbulence damping and hindered settling. It should be noted, however, that these two effects are accounted for, albeit indirectly, in the reference concentration formula ZF94 used in the STP model. (This formula has been designed for practical use, based on conventional logarithmic velocity and Vanoni-type concentration profiles, even in situations in which stratification effects are important.) Second, the four models discussed in this paper are primarily models of sediment in suspension, and they do not include physical processes which occur in the high-concentration, sheet flow, layer. Although the STP and t.k.e. models do represent bedload transport, this is achieved only by the quasi-steady use of a bedload transport rate formula, derived for steady flow conditions. The consistency of this approach in terms of the choice of a matching level between the bedload and suspended load layers is highly questionable.
However, the use of more consistent two-phase modelling approaches to provide a continuous description of processes from the immobile bed, though the sheet flow layer, and into the suspension layer, is not yet well established. The future use of two-phase flow models should, in principle, overcome present uncertainties such as the definition of the origin of height (z> in comparisons between model results and data.
Conclusions
The predictions of four sediment transport models have been compared with laboratory data obtained above plane beds in an oscillating water tunnel. The measurements were made beneath regular symmetrical and asymmetrical waves, and also in wavedominated combined wave and current flows. The hydrodynamical conditions both in the experiments and in the model simulations were horizontally uniform. In terms of their predictions for the net (i.e. temporally and vertically averaged) sediment transport rate, each of the models agrees with the measured values to within a factor of 2 in almost every case. If the models are assessed according to a more stringent criterion involving a factor of 1; around the measured value, their relative performance may be judged from Figs. 6 and 13.
By the standards existing in coastal engineering practice, the accuracy achieved by the models in terms of the net sediment transport rate is very good indeed. However, this may be due in large part to the sand size (D = 0.2 mm) considered throughout this study, for which transport was dominated by processes in the sheet flow and lower suspension layers, enabling the models to make accurate predictions of the net transport. It is likely that significantly less good agreement would have been achieved had the experiments been carried out with finer sediment in the same wave and current conditions, since transport in the outer suspension layer would then have been of greater relative importance.
The underlying weaknesses of the models used here, and of all other models based on conventional turbulence diffusion arguments, have been revealed by the comparisons made with detailed time-dependent measurements of sediment concentration. First, each of the models is aimed primarily at the prediction of the sediment distribution in the low concentration suspension layer; none of the models represents conditions in the high concentration upper sheet flow layer. Second, even in the high wave Reynolds number, sheet flow, conditions studied here, convective mechanisms have been shown to play an important role in entraining sediment into suspension. None of the models is able to represent the phenomenon of convective entrainment at flow reversal, which arises from instability in the oscillatory sheet flow layer and affects the time-varying sediment concentration in both the sheet flow and suspension layers. The potential importance of this effect in relation to the "wave-related" net sediment transport is now well established, and has been demonstrated here, albeit indirectly, through the shortcomings of the model predictions in comparison with detailed measurements of time-dependent sediment concentrations and fluxes during the wave cycle (Figs. 1, 9 and 10). The initial aim of this intercomparison was to assess the relative strengths and weaknesses of four models based on more or less sophisticated modelling schemes for the turbulence. In fact, some of the differences between the model predictions have been found to be rather small compared with the differences between the models and the observations. Moreover, the scatter and uncertainty in the data have, in some instances, been comparable with the variation in the model predictions. Although the physical processes represented by the individual models are rather different (e.g., one model includes graded sediment effects, two models include turbulence damping by suspended sediment, and so onsee Table 11 , it is not possible on the basis of the results discussed here to argue strongly for the use of one model in preference to another. Certainly, on the present evidence, no clear-cut case can be made for the advantages of sophisticated turbulence closure schemes, since the simpler models perform just as well. However, it is possible that the more sophisticated schemes would be the more accurate ones in conditions dominated by suspended sediment transport, particularly if the mechanism of convective entrainment at flow reversal was included in the model formulation.
In order to advance our knowledge of sediment transport above plane beds, and hence improve the accuracy of predictive modelling schemes, new experimental research is required to determine, in the first place, the velocity field within the oscillatory sheet flow layer, to accompany our existing knowledge of the concentration field. [Such oscillatory flow measurements have been made by Dick and Sleath (1991) using light-weight particles, but no comparable measurements have yet been made for cases involving sand grains.] It should be possible to use such data to define improved bottom boundary conditions for the suspension layer (e.g., improved pick-up functions), as well as to obtain soundly based formulations for the (time-varying) hydraulic roughness of the bed. In addition, by use of measurements of the vertical velocity field at times of flow reversal, it should be possible to develop convection-diffusion arguments which properly represent sediment entrainment throughout the wave cycle. Ultimately, by the use of sophisticated two-phase flow models, it should be possible to obtain a continuous description of grain-grain and fluid-grain interactions from the stationary bed, into the collision (i.e. sheet flow) layer, and then upwards into the suspension layer.
